Pattern formation
Introduction
The Drosophila gene zinc finger homeodomain-2 (zfh2) encodes a large protein of 3005 amino acids with 3 homeodomains and 16 zinc fingers, and its human homolog, Atbf1, has 4 homeodomains and 17 zinc fingers (Fortini et al., 1991; Lundell and Hirsh, 1992; Morinaga et al., 1991) . To our knowledge, these are the only known proteins with more than one homeodomain.
Human ATBF1 plays an essential role in cell cycle arrest and neural differentiation during embryogenesis (Jung et al., 2005) , and several cancers have been associated with a reduction in its level (Cho et al., 2007; Sun et al., 2005 Sun et al., , 2007 . The presence of multiple DNA binding domains in ATBF1 and Zfh2 suggests that they may be multi-functional proteins.
Drosophila Zfh2 is expressed in many embryonic and larval tissues, including the central nervous system (CNS) and most of the larval imaginal discs (Fortini et al., 1991; Lundell and Hirsh, 1992; Whitworth and Russell, 2003) . In the embryonic CNS, it is expressed in several neuroblast lineages in the ventral nerve cord (Isshiki et al., 2001; Kearney et al., 2004; Lundell et al., 2003; Tran and Doe, 2008) . It binds to an AT-rich element located upstream of the DOPA decarboxylase (Ddc) gene, suggesting that, like its human homolog, Zfh2 is involved in neuronal differentiation (Lundell and Hirsh, 0925-4773 Ó 2013 The Authors. Published by Elsevier Ireland Ltd. http://dx.doi.org/10.1016/j.mod.2013.06.002 1992). In the leg disc, Zfh2 is expressed in cells that will contribute to the formation of the joints, and it promotes the apoptosis required for joint formation {Manjon, 2007 #2780;Guarner, 2013 #4038}.
Zfh2 is expressed in a very dynamic pattern in the wing disc. In mid second instar larvae it is found in a broad distal domain. In late second instar, its expression fades away distally and becomes restricted to a broad ring domain that corresponds to the hinge of the adult wing ( Fig. 1C ) (Terriente et al., 2008; Whitworth and Russell, 2003) . In previous reports, based on phenotypes found in both loss of function alleles and knock down experiments, it was suggested that Zfh2 has an important function in proximal-distal patterning of the wing disc. Thus, the early expression of Zfh2 would specify the proximal domain of the wing, the wing hinge, while the later retreat to a proximal ring domain would be necessary for development of the distal wing. Thus, the development of the wing disc would progress from proximal to distal (Terriente et al., 2008; Whitworth and Russell, 2003) . These experiments also suggested that the early distal expression of Zfh2 was not necessary for development of the distal wing domain, since knocking down zfh2 expression did not affect the normal development of the distal wing. But a lack of appropriate tools prevented the performance of ectopic expression experiments to evaluate the effect of maintaining distal expression throughout development. Its size also made it impossible to clone the gene.
In this work we made use of a new tool that allowed us to analyse the effects of expressing zfh2 ectopically in the distal wing, and we observed that this reproduced all the phenotypes observed in nubbin (nub) mutants. We also found that distal repression of zfh2 from the early third instar larva was critical for activation of genes that are expressed distally: nab, defective proventriculus (dve) and four jointed (fj); in addition its expression in the proximal wing was required for activation of dachsous (ds) (Fig. 1E) . We observed moreover that as a consequence of this regulatory system, the dynamics of expression of zfh2 plays a crucial role in activation of the Hippo pathway and thus in the control of proliferation of wing cells. We conclude that zfh2 plays a very important role in both the specification of those cellular properties that define the differences in cell proliferation between the proximal and distal domains of the wing disc, and in delimiting the growth of the distal wing-pouch domain in relation to the more proximal wing-hinge domain.
Results

Isolation of the UAS-zfh2 insertion line
The M[Hto]EAB (hereafter EAB) line was obtained by hopping of the M[Hto] element present on the second chromosome in the initial insertion line (Fig. 1A) . Since M [Hto] carries no marker, new inserts were identified based on their Gal4-dependent phenotype. GMR-Gal4>M[Hto]EAB has a strong eye phenotype. A detailed description of the screening protocol will be given elsewhere (KM and KE; manuscript in preparation). The EAB insertion was mapped by thermal asymmetric interlaced-PCR (TAIL-PCR; (Liu and Whittier, 1995) ) on the fourth chromosome, where it is spliced into the zfh2 gene. We confirmed that this insertion expressed zfh2 by crossing it with nub-Gal4 and immunostaining with anti-Zfh2-specific antibody (Fig. 1C-D 0 ). EAB insertion was homozygous viable with no apparent phenotype. We also tested whether it was able to rescue the zfh2 mutant phenotype in the wing by overexpressing it together with UASzfh2RNAi under the control of zfh2 LP30 -Gal4 (UAS-zfh2RNAi/+; UAS-zfh2RNAi/+; zfh2 LP30 -Gal4/EAB). Overexpression of zfh2RNAi results in a large deletion of the wing hinge (Terriente et al., 2008) ; when it was overexpressed together with EAB we observed partial rescue of the phenotype (Supplementary Fig. 1 ). Thus, we conclude that this new line enables us to express functional Zfh2.
2.2.
Ectopic expression of zfh2 mimics the nub loss-of-function phenotype Next, we analyzed the phenotype caused by expressing ectopically zfh2 in distal wing (nub-Gal4>EAB) and we found a strong phenotype of reduced wing and deleted hinge (Fig  2A-B) . This phenotype is reminiscent of the wings found in nub mutants (Fig. 2C) . The nubbin (nub) gene encodes a POU domain-containing transcription factor that is expressed in a circular pattern in the distal wing (Fig. 1E) (Ng et al., 1995) . nub mutant wings have strongly reduced wings with a deletion of the wing hinge (Fig. 2C ), but it is not clear what causes this phenotype. Nub and Zfh2 are expressed in partially complementary patterns and it has been reported that in nub-mutant wings, Zfh2, which is normally absent from the distal wing from the early third instar larva, is weakly misexpressed there. This result has led to the suggestion that the ectopic expression of zfh2 is the cause of the nub phenotype (Terriente et al., 2008; Whitworth and Russell, 2003) and this is precisely what we found as two phenotypes are indistinguishable ( Fig. 2B-C) . nub mutants also produce extra sensory organs (bristles) in the wing blade, and broadening of wingless (wg) expression in the wing margin (Ng et al., 1995) , and this is exactly what we observed when we ectopically expressed zfh2 EAB with a weaker driver (spalt (sal) EP -Gal4>EAB) (arrowheads in Fig. 2D -D 0 and arrow in Fig. 2F -F 0 ). We also observed that wg was misexpressed in the wing blade. This was most readily observed by ectopically expressing zfh2 in the dorsal wing only (apterous (ap)-Gal4>EAB) ( Fig. 2E -E 0 ).
From these observations we conclude that the ectopic expression of zfh2 EAB in the nub-expression domain reproduces all the phenotypes caused by loss-of-function alleles of nub, although in these experiments the expression of nub was not affected (data not shown).
Ectopic expression of zfh2 represses nab and dve expression
We observed that, in addition to the wing phenotypes seen in the nub mutant, ectopic expression of zfh2 EAB led to misexpression of wg in the wing pouch. To understand this phenotype we examined the expression of genes that are normally expressed in the distal wing. Nab and dve encode a transcriptional co-factor and a homeobox protein, respectively (Clements et al., 2003; Nakagoshi et al., 2002) . They are expressed in identical domains in the distal wing, nested in the Nub-expression domain, although they are more restricted proximally since, unlike Nub, the areas of expression of Zfh2 and Nab/Dve are complementary ( Fig. 1E) (Terriente et al., 2008) . We checked whether ectopic expression of zfh2 EAB altered the expression of these two genes, and observed that Nab expression was lost and Dve expression strongly reduced (sal EP -Gal4>EAB; Fig. 3A -B 0 ).
We have previously reported that in zfh2 knock down wings, expression of Nab and Dve is expanded proximally (Terriente et al., 2008) . Together, these results are compatible with the idea that Zfh2 represses the expression of both genes. The Zfh2 expression domain partially overlaps with the expression domains of another two genes that play major roles in development of the wing: rotund (rn) and vestigial (vg) (Fig. 1E) . We checked whether their expression was altered by ectopic expression of zfh2 EAB , and found that it was not affected (nub-Gal4>EAB; Fig. 3C and data not shown).
We conclude that ectopic expression of zfh2 EAB does not cause a complete transformation of the distal wing into a wing base domain, since only a subset of the genes that are distally expressed are affected, and the pattern of expression of those that are affected by ectopic expression of zfh2 EAB is complementary to that of Zfh2 (Nab and Dve), whereas the pattern of expression of those genes that are not affected by ectopic expression of zfh2 EAB overlaps partially with that of Zfh2 (Rn and Vg). Interestingly, homothorax (hth) and elbow (el)/no ocelli (noc), which are targets of Wg in the wing hinge, are not misexpressed (data not shown).
We also observed that ectopic expression of zfh2 EAB in domains with sharp boundaries (i.e. the compartment boundary) led to misexpression of wg and puckered (puc)-lacZ, which, in the wing disc, is an indication of cell death ( Fig and spd-lacZ (green) expression in hh-Gal4>UAS-dveRNAi UAS-nabRNAi. Note the expansion of the spd-lacZ expression in the posterior compartment (arrowhead). (F) Wg (green) and Nab (blue) expression in sal EP -Gal4>EAB UAS-nab (red). On the right, green and blue channels of the enclosed area are shown.
2.4.
The combined action of Nab and Dve prevents activation of the wg-spade enhancer in the distal wing
We next examined whether the Wg misexpression observed in zfh2 ectopic expression was due to the simultaneous repression of both nab and dve.
The functions of the genes nab and dve in the development of the distal wing have been addressed in previous reports (Koelzer et al., 2003; Terriente et al., 2008) . Nab binds Rn and prevents activation of the enhancer that drives the expression of wg in the inner ring of its expression in the wing hinge ( Fig. 1D ; spade enhancer) (Neumann and Cohen, 1996) . Nevertheless, the absence of nab in homozygous mutant clones is not always sufficient to drive the expression of the spade enhancer in the distal wing, and so only a few clones misexpress wg (Terriente et al., 2007) . The absence of dve is also insufficient to distally activate the spade enhancer. Nevertheless, ectopic expression of either nab or dve in the wing hinge is sufficient to repress wg expression (Terriente et al., 2007) . We therefore wondered whether the simultaneous loss of nab and dve would be sufficient to cause the activation of wg expression observed in the zfh2-ectopic expression experiment.
To address this question, we generated dve mutant clones that overexpressed nabRNAi, and observed that wg was misexpressed in many of these clones, although expression was irregular and not all the cells of the clones expressed it (Fig. 4A-C 0 ).
We therefore sought to confirm this result by simultaneous overexpression of nabRNAi and dveRNAi in the posterior compartment of the wing (hedgehog (hh)-Gal4>UAS-nabRNAiUAS-dveRNAi). In that experiment, the expression of both genes although not completely absent was strongly reduced (data not shown). We noted a strong reduction in the size of the posterior compartment (Fig. 4D-D 0 ), and although
Wg expression was only slightly broadened in both the wing hinge and the wing margin, we observed that the expression of a lacZ reporter under the control of the spade enhancer, which reproduces the expression of wg in the hinge (spd-lacZ), was expanded throughout the posterior compartment of the wing pouch ( Fig. 4E- 
These results confirm that Nab and Dve are redundantly required for distal repression of the spade enhancer. To confirm that the misexpression of wg observed in the zfh2 EAB -ectopic expression experiment was caused by repression of nab and dve, we simultaneously overexpressed nab and zfh2 (sal EP -Gal4>EABUAS-nab; Fig. 4F ) and observed that in this situation wg was not misexpressed. The same result was obtained when expressing dve ectopically (data not shown).
Ectopic expression of zfh2 alters expression of Fj and Ds
Next we wished to determine the causes of the small wing phenotype observed in zfh2-ectopic expression. One possible explanation is that the Hippo/Yki tumor suppressor pathway was affected.
The Hippo/Yki pathway is a conserved signalling pathway that controls tissue growth and repair in Drosophila and mammals (reviewed in (Halder and Johnson, 2011; Yu and Guan, 2013) . The pathway is composed of a highly conserved kinase cascade that ends with phosphorylation of the Yorkie (Yki)/ Yap transcription cofactor. When the pathway is active, nuclear localization of Yk is prevented. Following inactivation of the pathway, unphosphorylated Yki associates with tissuespecific cofactors, Scalloped (Sd)/TEAD in the wing disc, and migrates to the nucleus to activate a set of targets that promote growth and inhibit apoptosis (Wu et al., 2008; Zhang et al., 2008) . Because of the reduced wing size resulting from ectopic expression of zfh2, we assessed whether Hippo signalling in distal wing was affected by zfh2-ectopic expression.
First we looked at the expression of fj and ds, two known upstream components of the Hippo pathway. Fj is a transmembrane protein mostly restricted to the Golgi, which is expressed in a distal to proximal gradient nested on the expression of nab and dve (Fig. 1D) (Strutt et al., 2004; Villano and Katz, 1995; Zeidler et al., 2000) . Expression of fj starts simultaneously with that of nab and dve in early third instar larvae when zfh2 expression retreats from the distal wing. Thus, the zones of expression of Zfh2 and Fj define two opposite gradients. We observed that fj-lacZ expression was lost as a result of ectopic expression of zfh2 (sal EP -Gal4>EAB; The ds gene encodes an atypical cadherin. In the wing disc, ds expression follows that of Zfh2 and is largely confined to the wing hinge (Fig. 1D) (Clark et al., 1995) . In the second instar, Ds occupies a distal domain that, from early third instar, transforms into a broad ring in which Zfh2 is co-expressed and, therefore, is complementary to the expression of Fj (Matakatsu and Blair, 2004) . Ectopic expression of zfh2 EAB in the distal wing with different Gal4 drivers caused the production of low levels of Ds (hh-Gal4>EAB and ap-Gal4>EAB, Fig. 5B -C 0 ). The same result was observed in clones misexpressing zfh2 EAB (Act5C>-stop>Gal4 EAB; Supplementary Fig. 3 ). Although, this result suggests that Zfh2 activates ds, in this experiment Wg was also misexpressed at low levels, and knock down of zfh2 caused loss of expression of both Ds and Wg in the wing hinge (hh-Gal4>UAS-zfh2RNAi; Fig. 5D ). However wg alone was not able to activate Ds in the wing disc (data not shown). Thus, these results suggest that both Wg and Zfh2 may be required to activate ds in the wing hinge. It is worth noting that although it has been reported that ectopic expression of ds in the distal wing causes a reduction in wing size and downregulation of diap1, a Yki-target gene (Rogulja et al., 2008) , the phenotype that we observed when zfh2 EAB was ectopically expressed was much stronger than when ds was ectopically expressed, and, paradoxically, we observed misexpression of Wg. 
Gal4>UAS-EAB.
Although Wg expression in the inner ring is lost (arrow), Wg-ectopic expression at the compartment boundary is still observed (arrowhead). (E-F 0 ) Wg (red; grey in E 0 and F 0 ) and Nab (blue) expression in hh-Gal4>UAS-fj UAS-GFP (green) wing discs of early (E-E 0 ) and late (F-F 0 ) third instar larvae. Wg is not ectopically expressed in the posterior compartment, but a stripe of Wg expression appears at the compartment boundary in early discs (arrowhead in E 0 ). This expression is reduced in discs of late third instar larvae (arrowhead in F 0 ).
Ectopic expression of zfh2 represses Yki targets
To further investigate the relationship between Zfh2 and Hippo/Yki signalling we looked at the expression of several Yki target genes: diap1, expanded (ex) and bantam (ban). diap1 encodes a zinc-finger transcription factor that is essential for Yki-induced overgrowth (Huang et al., 2005) . To analyse the effect on diap1 expression we used the Flip-out cassette to generate zfh2 EAB -expressing clones (Act5C>stop>Gal4 EAB) (Pignoni and Zipursky, 1997), and observed that expression of the diap1-lacZ reporter was cell-autonomously reduced in the clones (Fig.6A) . This result is different to the result found in ds-ectopic expressing clones, in which diap1-lacZ was repressed within the clone but up-regulated at clone borders (Willecke et al., 2008) . Next, we looked at the expression of ex, a tumour suppressor gene that encodes a FERM-containing protein (Boedigheimer et al., 1993) . We observed that the expression of the exlacZ reporter was also strongly reduced by ectopic expression of zfh2 EAB in the distal wing, but not in the wing hinge, where it is normally co-expressed with zfh2 (ap-Gal4>EAB; Fig. 6C -C 0 0 ). Finally, we also looked at the expression of ban, encoding a microRNA required for tissue growth and cell survival (Brennecke et al., 2003; Thompson and Cohen, 2006) . Activity of the ban microRNA can be detected using a sensor transgene that encodes GFP under the control of a ubiquitous promoter and contains two target sites for ban in its 3 0 UTR, and GFP expression from the sensor is very sensitive to ban microRNA levels (Brennecke et al., 2003) . We observed that the ban sensor was down-regulated at clone borders (Fig. 6B ). This result is expected if, as we showed above, Zfh2 activates ds and represses fj and confirm previous findings (Willecke et al., 2008) . We have shown that the ectopic expression of zfh2 EAB in the distal wing cell autonomously activates Wg expression and represses Yki targets. This seems paradoxical as wg is reported to be a Yki target (Cho et al., 2006) , and suggests that the activation of targets by Yki is context dependent. Thus, ectopic expression of zfh2 EAB should activate wing hinge-specific targets and repress distal-wing targets. To check this Note that the relative domains of expression of Nab, Rn and the inner and outer rings of Wg are the same that we observe in wild type wings (Fig. 1D) .
prediction we assessed whether simultaneous expression of zfh2 EAB and Hippo would prevent activation of wg (sal EP >EABUAS-Hippo), and we indeed found that Wg was not expressed (Fig. 6D) . Thus, this result confirms that Yki was responsible for the activation of wg that we observed when zfh2 EAB was ectopically expressed.
Hippo/Yki pathway plays a major role in controlling tissue growth. Given the reduction in the wing size observed in zfh2-ectopic expression experiments, and that this is not due to cell death, as we only observed localized cell death when we use drivers that generate sharp boundaries (i.e. hh-Gal4>EAB; Fig. 3D-D 0 ), we wanted to check whether the rate of cell proliferation was reduced. To that end, we labelled mitosis and S phase in hh-Gal4>EAB wing discs and, in both cases, we found a significant reduction in the number of labelled cells in the posterior compartment and an increase in the number of labelled cells at both sides of the A/P compartment boundary (Fig. 6E-F) . These results confirm that the reduction in size observed in zfh2-ectopic expression is due to a reduction in the rate of cell proliferation, which supports our view that in zfh2-ectopic expression the Hippo/Yki pathway was affected. The high rate of cell proliferation observed in the A/P boundary is consistent with previous observations indicating that, in the wing disc, cells undergoing apoptosis express wg and promote cell proliferation in neighbouring cells ( 
Ectopic expression of Zfh2 activates the spade enhancer and elicits programmed cell death
We next wanted to know which wg enhancer is activated in zfh2-ectopic expression experiments. The pattern of expression of wg in the wing disc is very complex. In the wing domain of the disc, wg is expressed in the wing margin and in the wing hinge in two concentric rings, the inner and the outer ring, respectively (Fig. 1D) (Couso et al., 1993) . Different mutants affect these different pattern elements, which suggests that different enhancers activate them. Only one enhancer has been identified that drive the expression of wg, the spade enhancer, which drives the expression of wg in the inner ring of the wing hinge (Neumann and Cohen, 1996) . On the other hand, it is known that in the wing margin the Notch signalling pathway activate wg expression (de Celis et al., 1996; Díaz-Benjumea and Cohen, 1995; Doherty et al., 1996; Kim et al., 1995; Rulifson and Blair, 1995) .
The Wg signal elicits very different responses in different regions of the wing disc. In the wing margin it acts as a cell fate specification factor that also promotes growth in the distal wing (Baena-Lopez et al., 2009; Neumann and Cohen, 1997; Zecca et al., 1996) ; in the wing hinge it acts as a mitogenic factor (Neumann and Cohen, 1996) . To know which enhancer is activated when zfh2 is ectopically expressed we looked at the expression of spd-lacZ and observed that it was misexpressed ( Fig. 7A-A 0 0 ). As this transgenic construct also drives wg expression at the wing margin, we co-expressed zfh2 with a dominant negative version of master mind (mam), the transcription factor of the Notch signalling pathway, and observed that wg was still misexpressed (Fig. 7B-B  0 ). From these observations we conclude that the spade enhancer is the one activated in the zfh2 ectopic expression experiment.
As Zfh2 represses the expression of fj and seems to be required for the activation of ds, we wondered whether ectopic expression of ds would be sufficient to drive the expression of wg (hh-Gal4>UAS-ds spd-lacZ). We found that although wg was not misexpressed, spd-lacZ was present in the whole posterior compartment of the wing blade. We also observed that wg was weakly expressed in the border of the ds-misexpression domain (Fig. 7C-C 0 0 ), and we obtained the same result by ectopically expressing fj (hh-Gal4>UAS-fjUAS-GFP; Fig. 7E -F 0 ).
We had observed a similar outcome in the zfh2 EAB ectopic expression experiment (Fig. 3D-D  0 0 ). This expression of wg was associated with cell death. To confirm that the spd enhancer does not drive the expression of wg at the anteriorposterior compartment boundary, we ectopically expressed zfh2 EAB in wg spd mutant wings. In wg spd the expression of wg in the inner ring was lost, and we observed that wg was still misexpressed at the border of zfh2 EAB expression (Fig. 7D-D  0 ).
We conclude that two different mechanisms drive the expression of wg when zfh2 EAB is ectopically expressed. In one, the spd enhancer is responsible in the whole Gal4-expression domain and, in the other, there is additional expression associated with programmed cell death at the boundary of the Gal4-expression domain. 
2.8.
Rn self-activates and non-cell autonomously activates the expression of rn, nab and dve
The results presented so far indicate that Zfh2 represses the expression of almost all Vg-target genes, without affecting the expression of vg. The only Vg target whose expression is not altered when zfh2 is ectopically expressed was rn. One explanation could be that although the initial expression of rn depends on Vg (del Á lamo Rodríguez et al., 2002) , later on development, maintenance depends on a different mechanism. We wondered whether rn activates its own expression. To answer this question we looked at the expression of rn-lacZ when rn was ectopically expressed. Rn activates nab expression, and Nab binds Rn and blocks its transcriptional activity (Terriente et al., 2007) . In the wing hinge this action is prevented because Zfh2 represses nab expression. Therefore, we co-expressed rn and nabRNAi (dpp-Gal4>UAS-rnUAS-nabRNAi UAS-GFP rn-lacZ) and observed that rn-lacZ was expressed in the dpp expression domain, and also in a stripe of cells in the posterior compartment (Fig. 8A) . Dve, Nab and Wg were also expressed in the posterior compartment in domains similar to those that are formed in normal development (Figs. 1D, 8B): first Nab and Dve, and, more distally, two stripes of Wg expression that may correspond to the IR and OR. To check whether this non-cell autonomous activation of these genes was due to activation of wg by Rn in the dpp-Gal4 domain, we co-expressed them with wgRNAi (dpp-Gal4>UAS-rnUASnabRNAi UAS-wgRNAi UAS-GFP). We still observed ectopic expression of Rn and Wg in the posterior compartment (Fig. 8C) , although wg expression was clearly lost in the wing margin where this intersected with the dpp expression domain. Interestingly, at 29°C Rn not only was unable to ectopically activate rn-lacZ, but also repressed its own expression in the wing pouch (compare Fig. 8A 0 and Supplementary   Fig. 4A 0 ).
We conclude (1) that Rn cell autonomously activates its own expression, and (2) that it activates a non-cell autonomous signal that is not mediated by Wg and that activates rn, its target genes nab and dve and also wg. As a consequence of wg misexpression we sometimes observed the appearance of an ectopic wing pouch in the notum region (arrow in Fig. 8B ), a phenotype identical to that resulting from ectopic expression of wg (Ng et al., 1996) .
Discussion
In this report we have taken advantage of a new UAS insertion in the gene zfh2 to analyse the role of the latter in wing development. From our findings we highlight two main conclusions: first, Zfh2 delimits the expression of the genes nab and dve and, in so doing, allows activation of the wg spade enhancer; and second, it impairs the activation of Yki target genes and thus limits proximal expansion of the wing pouch (Fig. 9) . In addition we show that sharp boundaries in zfh2 expression drive apoptosis, another role that has been attributed to Zfh2 in normal leg development, as well as to its human homolog ATFB1.
Zfh2 expression must be repressed for distal wing development
We have shown that ectopic expression of zfh2 in the wing pouch during the third instar larva is sufficient to reproduce all the phenotypes found in nub mutants without affecting expression of nub. This suggests that the only function of nub in wing development is distal repression of zfh2 expression. It has been suggested previously that Nub acts together with other factors to repress zfh2 expression, as it is co-expressed with Zfh2 in second instar larvae, and there is evidence that these factors are Dpp and a Vg target gene (Terriente et al., 2008; Whitworth and Russell, 2003) .
Expression of nub has been demonstrated in the epipod of the multibranched appendages of Artemia franciscana, a branchiopod crustacean, and in specific appendages of both aquatic and terrestrial chelicerates (Averof and Cohen, 1997; Damen et al., 2002) . This raises the question of whether zfh2 is also present in these primitive structures and whether the expression of nub is necessary to repress zfh2 expression and thus to provide the conditions for the development of the relevant structures.
3.2.
Zfh2 allows activation of wg in the wing hinge
We have observed that Zfh2 represses the expression of nab and dve but does not affect the expression of vg and rn. This is not surprising since expression of Zfh2 is always complementary to that of Nab and Dve and partially overlaps with Vg and Rn. In a previous report we have shown that Rn is required for activation of the wg spade enhancer in the wing hinge and that Nab binds Rn and prevents its activation (Terriente et al., 2007) , but that in nab mutant clones the spade enhancer is only occasionally activated. Here, we generated clones that remove both nab and dve and, although a larger number of clones activated the spade enhancer, there were still clones in which it was not activated, suggesting that there is an additional factor that prevents activation of this enhancer in the wing pouch, or a factor that is required for its activation. The finding that ectopic expression of zfh2 activates the spade enhancer in the wing pouch, together with the above observations, indicates that Zfh2 is the factor required for full activation of wg, either directly or by repressing a repressor present in the wing pouch.
More surprising is that when both nab and dve were knocked down with hh-Gal4, Wg was weakly misexpressed whereas spd-lacZ was misexpressed in the whole posterior compartment, and this result cannot be due to perdurance of the lacZ product, since LacZ was not present in the anterior compartment ( Fig. 4E and E 0 ). The same result was found when zfh2 was ectopically expressed (Fig. 7A and A 0 0 ). Together these results suggest that there are two levels of regulation of wg expression: transcriptional regulation that requires Zfh2 and is repressed by Nab and Dve, and post-transcriptional regulation that allows us to observe LacZ expression but not Wg protein.
3.3.
Zfh2 expression delimits the wing pouch domain
Our findings show that Zfh2 activates ds and has to be repressed in the distal wing in early third instar larvae to allow expression of fj. These two genes appear to be crucial for Fat/ Ds-mediated control of growth by the Hippo/Yki tumor suppressor pathway (Willecke et al., 2008; Zecca and Struhl, 2010) . We also found that ectopic expression of zfh2 elicited cell autonomous loss of expression of diap1 and exp, and non-cell autonomous loss of ban, which indicates that the Hippo/Yki signalling is impaired within the cells overexpressing zfh2. These results are in some way different to the observed in ds-ectopic expression experiments reported by Willecke et al. (Willecke et al., 2008) , in which the expression of ex and diap1 were altered in the clone borders but not affected within the clone cells. These finding can be explained if Zfh2 repress Yki targets and, at the same time, facilitates Yki activity at clone border by the repression of fj and the activation of ds.
Zecca and Struhl have suggested a feed-forward (FF) mechanism by which cells from a more proximal domain of the wing disc are reiteratively recruited to join the more distal wing field in response to the Wg morphogen (Zecca and Struhl, 2007a,b) . They propose that Vg, which up-regulates fj and down-regulates ds, drives this FF mechanism (Zecca and Struhl, 2010) . Our results indicate that Zfh2 does the opposite: it up-regulates ds and down-regulates fj. Importantly, Zfh2 does not repress vg, but Vg is one of the factors required to repress zfh2 distally (Terriente et al., 2008; Whitworth and Russell, 2003) . The expression of vg depends on the combined action of Wg and Dpp (Kim et al., 1996 (Kim et al., , 1997 , and as soon as cells reach a certain distance from these signals, expression of vg vanishes and that of zfh2 increases. We posit that this graded combination of low expression of Zfh2 and Vg in opposite directions reduces the Yki signal and decreases recruitment of cells to the more distal wing domain. It is worth noting that in humans, reduced level of the zfh2 homolog Atbf1 has been associated with malignant tumours (Kataoka et al., 2001; Sun et al., 2005 Sun et al., , 2007 .
Rn regulates its own expression
We have shown that Rn is able to activate its own expression. This result explains why, in normal development, when activated by Vg, its expression expands further proximally than that of Vg. It is worth noting that, unexpectedly, a high level of Rn represses its own expression (Fig. 8B 0 ), although it is still functional as it is able to activate target genes and also to generate an ectopic wing in the notum (Fig. 8B) , a phenotype found when wg is expressed ectopically (Ng et al., 1996) . An important finding is that ectopic expression of rn with dpp-Gal4 in anterior cells of the compartment boundary activates Rn, Dve, Nab and Wg in posterior cells in a pattern that reproduces the pattern of expression of these genes in the wing hinge. This result can be explained if Rn activates wg expression throughout the dpp-Gal4 expression domain, as Wg together with Dpp would activate vg in posterior cells, which would in turn activate expression of nub, rn, nab and dve and repress zfh2 ( Supplementary Fig. 4) (Terriente et al., 2008) . This regulatory network would allow the generation of a wing hinge all along the compartment boundary. The problem is that in this experiment we did not detect Vg misexpression, and, also, we obtained the same result coexpressing rn with wg-RNAi, which indicates that Wg is not responsible for this activation.
4.
Experimental procedures 4.1.
Drosophila lines
The fly stocks used were as follows: Calleja et al., 1996) , sal EP -Gal4 (Cruz et al., 2009) , dpp blk -Gal4, UAS-ds, UAS-dveRNAi (VDRC #109538), UAS-fj, UAS-mam DN , UAS-nabRNAi (VDRC #6273), UAS-rn, UAS-wgRNAi, UASzfh2RNAi (Terriente et al., 2008) , UAS-hippo, diap1-lacZ, ds-lacZ, ex-lacZ, fj-lacZ, fj-GFP, puc-lacZ, rn-lacZ, spade-lacZ, bantamsensor (Brennecke et al., 2003) .
4.2.
Production of genetic mosaics /CyO,Act5C>GFP virgin females were crossed with FRT42 tub-Gal80/ CyOAct5C>GFP;UAS-nabRNAi males. At 48 ± 6 h after egg laying (AEL), progeny were heat shocked in a water bath at 37°C for 60 min. Larvae of the genotype hs-flp 122 Act5C>stop>Gal4
UAS-GFP; FRT42 Df(2R)dve L186 /FRT42 tub-Gal80; UAS-nabRNAi/ + were selected, dissected and fixed for immunostaining. This heat shock treatment is sufficient to activate recombination of the Flip-out cassette in all the cells. Recombination between the FRT42 sites occurs at a much lower frequency, so that only cells in which recombination occurs at the FRT42 sites lose tub-Gal80 and consequently express UAS-nabRNAi and UAS-GFP. The loss of expression of Dve in these clones, detected by immunostaining, confirms recombination events.
To generate EAB expressing clones, hs-flp 122-Act5C>stop>Gal4 females were crossed with EAB males. At 48 ± 6 h AEL the progeny were heat shocked in a water bath at 34.5°C for 12 min, then kept at 25°C and dissected as mature third instar larvae.
Generation of the Hostile takeover (Hto) vector
An insert of the Minos Hostile takeover (Hto) transposon (GenBank # JN049642), named Mi[Hto-WP]EAB, was used. The insert splices a FLAG tag+mCherry RFP exon to the endogenous zfh2 coding region, under UAS control.
Production of the Hostile takeover (Hto) vector will be described in detail elsewhere; in brief, Hto is a novel vector with Minos ends that carries a UAS driving an exon 1 and encodes FLAG and mCherry. Exon 1 splices out into the genome, forming a fusion transcript with the next available exon (Fig. 1A) . This insert lies at 4: 515,046 (+), and the Hto exon splices to the zfh2 exon at 536,208 as verified by RT-PCR (Fig. 1B) . That zfh2 exon is all 5' UTR, but is in-frame with the zfh2 start codon in the next exon, so the resulting fusion protein is as follows: ...delykrpqa/KTPSPVRGNYAID-SINWSNNGNDDGSPMSSFDVE... where lowercase is the C-terminus of mCherry, '/' is the Hto splice to zfh2, italic is a linker translated from the 5 0 UTR of zfh-2, and bold is the N-terminus of Zfh2.
Bromo deoxy-Uridine labelling
Mid and late third instar larvae were dissected during 15 0 and incubated in 5-Bromo-2 0 -deoxy-uridine (BrdU) solution
(1:1.000; Roche #11 296 736 001) during 40 0 at 25°C. After several quick washes in PBS, discs were fixed in 4% formaldehyde during 20 0 and then incubated in DNase (0.5 ml RQ1 DNase/ 10 ml buffer in 100 ml ddH 2 O; Promega #M199A) during 2 h at 37°C. After several quick washes in PBT, discs were re-fixed and then incubated overnight in anti-BrdU antibody.
Immunostaining and confocal imaging
Imaginal discs were fixed and stained following standard techniques for confocal microscopy. The specific antibodies used were: rabbit anti-Rn/Roe (1:250) (del Á lamo Rodríguez and Mlodzik, 2008), rabbit anti-Nab (1:500) and rabbit antiNub (1:500) (Terriente et al., 2007) , rabbit anti-Dve (1:200) (Nakagoshi et al., 1998) , rat anti-Ds (1:5000) (Yang et al., 2002) , rat anti-Zfh2 (1:100) (Fortini et al., 1991) , mouse antiEn (1:25; DSHB #4D9), mouse anti-Wg (1:25; DSHB #4D4), mouse anti-bgalactosidase (1:2000; Promega #Z3781), mouse anti-BrdU (1:10; Roche #11 296 736 001), rabbit anti-cleaved Caspase-3 (1:200; Cell Signalling #9661S), mouse anti-phospho-Histone H3 (1:2.000; Cell Signalling #9706). Expression of the M[Hto]EAB line was detected by the direct fluorescence of mCherry under the confocal microscope.
Zeiss LSM710 or LSM510 confocal microscopes were used to collect data for all fluorescent images.
